a synopsis for the potential of time-restricted eating (TRE) to rescue some of the deleterious effects on circadian biology induced by our modern-day lifestyle. We provide novel insights into the comparative and potential complementary effects of TRE and exercise training on metabolic health. Key Words: time-restricted eating, exercise, circadian biology, meal timing, metabolic health
INTRODUCTION
Numerous metabolic and physiological processes are underpinned by 24-h biological oscillations that are under the control of a central circadian clock, present in all mammalian cells (1) . Synchronization of the expression of circadian clock genes in the suprachiasmatic nucleus (SCN) of the hypothalamus is primarily governed by the light-dark cycle (1) . However, other environmental and behavioral time cues, termed "zeitgebers," such as the timing of meals and exercise, along with sleep-wake cycles, can "fine-tune" the central clock (2) . These nonphotic cues can reset or induce time-phase shifts in circadian oscillations through mechanisms independent of the SCN (3, 4) . Indeed, our prevailing modern lifestyle (round-the-clock access to energy-dense food, low levels of habitual physical activity accompanied by periods of prolonged sitting, and inadequate quality/quantity of sleep) interacts with underlying biology to create an environment in which circadian rhythms are disrupted, often resulting in a plethora of metabolic conditions (3) (4) (5) . This was not always the case.
Throughout human evolution, lifestyle and energy availability were inextricably linked to the periodic cycles of feasts and famines. During these natural cycles, specific genes evolved to regulate efficient storage of endogenous fuel stores, so-called thrifty genes (6) . During the early hunter-gatherer period, there was also the selection of genes and traits to support a "physical activity cycle" (7, 8) , and under these constraints, most of the present human genome evolved. Today, those alleles and traits that evolved for energy storage and locomotion are exposed to a host of unfavorable environment cues over an extended lifespan, perturbing the intrinsic circadian clock and increasing the risk of many lifestyle-induced metabolic diseases (3) (4) (5) . In this Perspective for Progress, we provide a synopsis of the efficacy of diet and exercise interventions to rescue many of the deleterious effects on circadian biology induced by our modern-day lifestyle. We describe new insights into the comparative and potential complementary effects of exercise training and a novel dietary intervention that encourages a longer daily duration of fasting to improve human metabolic health, but argue that exercise still remains the optimal strategy to improve the majority of lifestyle-induced disorders in metabolism.
STRATEGIES TO IMPROVE METABOLIC HEALTH
The benefit of improving dietary quality combined with undertaking regular exercise is undoubtedly the best approach to prevent/treat noncommunicable diseases (9) . However, adherence
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to lifestyle modifications is poor, and such behavioral changes have met with limited success at the population level (10) . Consequently, diet and exercise strategies that focus on more socially acceptable and achievable interventions (e.g., exercise "breaks" after meals, changing the timing of eating, highintensity sprint interval training) may be more effective for improving metabolic health (11) (12) (13) . The interactions between the timing of exercise and meals is complex: changes in energy and/or macronutrient intake rapidly alter the concentration of blood-borne substrates and hormones causing marked perturbations in the storage profile of skeletal muscle and other insulin-sensitive tissues (14) . In turn, the energy status of muscle exerts marked effects on resting fuel metabolism and patterns of fuel use during exercise (15) , influencing acute regulatory processes underlying gene expression and cell signaling (16) . Although it is generally accepted that adaptations to exercise training result from the cumulative and chronic effect of the transient increases in mRNA transcripts that encode for various proteins after each successive exercise bout (17) , the chronic effects of shifts in meal timing are, as yet, unknown.
Diet Interventions
In the past decade, evidence has accumulated to suggest that timing of meals affects a wide variety of physiological functions, including the sleep/wake cycle, core body temperature, athletic performance, and mental alertness (2) . Furthermore, the time of meals has a profound effect on skeletal muscle insulin sensitivity and whole-body metabolic health (18) and can be manipulated to help prevent/treat a number of lifestyle-related disease states. This has been termed "chrono-nutrition" and reflects a new appreciation that the timing of meals in addition to the energy content and macronutrient composition of food is critical for the well-being of an organism. Hence, chrono-nutrition refers to the synchronization of eating with the body's entrained circadian rhythms (2) .
Numerous diet strategies have been proposed to curb the soaring prevalence of obesity and lifestyle-induced metabolic disorders. A feature common to most of these diets is the manipulation of the feeding-fasting cycle. In this regard, time-restricted eating (TRE), in which energy intake is limited to a "window" of less than 10 h⋅d −1 , has emerged as a practical intervention to increase the length of time spent fasting, by reducing the time over which energy is consumed ( Fig. 1 ). Gill and Panda (11) were the first to show that 16 wk of TRE in overweight humans (body mass index (BMI), >25 kg⋅m −2 ) induced a modest weight loss (~3% body mass) after decreasing the eating window from more than 14 h to less than or equal to 10 h⋅d −1 . This weight loss was maintained for 12 months, suggesting TRE may be a practical strategy for weight maintenance over the long term.
Although the participants in that study (11) were not asked to change nutritional quality or quantity, reducing daily eating duration led to 20% reduction in energy intake (11) . With small subject numbers (five males and three females) and no control group, wider interpretation of the results of this study is limited.
Other studies since that of Gill and Panda (11) confirm that TRE induces modest weight loss (19) (20) (21) , although these interventions have been short term (≤12 wk) with no follow-up. For example, Gabel et al. (21) reported that 23 individuals with obesity who adhered to 12 wk of TRE (1000-1800 h) for 5-6 d⋅wk −1 had a loss of 2.6% body mass. Others have also observed small reductions in energy intake when implementing TRE of 8-10 h⋅d −1 (11, 21, 22) , making it difficult to attribute weight loss solely to the timing of energy intake. Of note, energy-restricted dietary interventions, without an exercise stimulus, typically induce a loss of~250-300 g of lean tissue for every kilogram of weight lost (23) , and although no measures of body composition have been made in any TRE study to date, such losses in lean mass would be expected to be similar to dietary fasting interventions (24) .
The results of a recent study suggest that the health benefits of TRE may be independent of weight loss (25) . In the first supervised trial of early TRE (eTRE), in which all meals were provided to participants, Sutton et al. (25) studied eight men with prediabetes who were randomized to eTRE (meals consumed within 6 h, last energy intake before 1500 h) or an unrestricted eating pattern (meals consumed over 12 h, from 0800 to 2000 h) for 5 wk. No measures of body composition or physical Figure 1 . Proposed perturbations to glucose, insulin, and free fatty acid (FFA) concentrations over a 24-h period with time-restricted eating (TRE) (orange, dashed lines) or "exercise snacks" (~10 min walking; green, dashed lines) compared with typical circulating metabolite patterns in response to three meals consumed during waking hours. activity were assessed. Compared with unrestricted eating, eTRE improved insulin sensitivity and B-cell responsiveness, blood pressure, and oxidative stress, although selected measures of appetite were also modified (25) . The precise mechanism(s) of how TRE improves health outcomes without enforced energy restriction is currently unknown.
The circadian clock affects hormonal metabolism, with the timing of meals fine-tuning endocrine biology with regard to glycemic control (26) . An influx of glucose from cortisolstimulated hepatic glucose production occurs around 0800 h, when cortisol levels typically peak after waking (27) . Delaying (not skipping) breakfast to late morning (~1000 h) and missing the circadian-related release in hepatic glucose (28) could improve postprandial glycemic control ( Fig. 1) . Insulin secretion and sensitivity also are under circadian regulation: these parameters are increased early in the day and drop in the evening (28) , even when there are equidistant 12-h fasts between meals (29) . Thus, the reduction in insulin sensitivity in the evening explains the impaired glucose tolerance measured in response to late-night dinner consumption (30, 31) .
An important question for both health outcomes and the practicality of implementing TRE interventions is whether the window of meal timing throughout the day, as well as the start/finish time of meals, is associated with the magnitude of improvement in health markers. The eTRE intervention by Sutton et al. (25) revealed hyperinsulinemia was reduced when daily eating was completed by 1500 h, but such a strict eating protocol is not likely to be practical or socially acceptable at a population level. Studies of "late" TRE, or when total energy intake was restricted to meals consumed after 1600 h, have resulted in impaired fasting glucose, lowered glucose tolerance, and increased ratings of hunger (32, 33) . Studies that have commenced TRE in the middle of the day have shown either no effect (21) or tended to be beneficial with regard to glycemic control (19, 22) . In the only comparative time window TRE study to date, Hutchison et al. (34) compared 1 wk of eTRE (0800-1700 h) with delayed TRE (1200-2100 h) in men at risk of developing type 2 diabetes (T2D). Both protocols improved glycemic control in response to a test meal, but only eTRE improved overnight fasting glucose levels (34) . Clearly, there is a trade-off between the feasibility of undertaking TRE and adherence to an optimal TRE window that aligns with healthy circadian rhythms. Accordingly, future studies should determine whether it is the placement of the eating window or the duration spent in the fasted state over each day that induces many of the improvements in metabolic health.
Satiety-inducing hormones glucagon-like peptide-1 (GLP-1), glucose-inhibitory peptide (GIP), and peptide YY (PYY) are increased, and the hunger-inducing hormone ghrelin is suppressed in response to meals. These gut hormones play a critical role in modulating appetite and the rate of gastric emptying (which slows in the evening), and, therefore, the glycemic response to meals. Secretion of these hormones is under circadian regulation (35) . For example, ghrelin release peaks at mid evening (~2000 h) and is lowest upon waking (36) , explaining, in part, the strong biological drive to eat at night. As such, diets that promote greater energy intake in the morning and lower energy intake (or longer fasting) in the evening are likely to produce sustained weight loss (37, 38) . Perhaps surprisingly, subjective ratings of appetite are not increased by TRE, at least when measured during the day (11, 25) . TRE initiated from 0800 to 1700 h or from 1200 to 2100 h did not alter the postprandial suppression of ghrelin or the rise in PYY, GLP-1, or GIP response, and there were no differences in subjective appetite ratings during a meal test (34) .
Reducing the time spent in a postprandial and postabsorptive state improves glycemia (39) while concomitantly shifting patterns of substrate use. Prolonged (>24 h) fasting increases the production of ketone bodies in humans (40) and rates of wholebody fat oxidation. Extended fasting periods are likely to upregulate fat oxidation via an increase in lipolysis and circulating free fatty acids (FFAs). Throughout a typical day of eating (i.e., three meals plus snacks), circulating FFA and triglyceride (TG) concentrations are suppressed (41) , and prolonged energy consumption (>14 h⋅d −1 ) limits lipolysis and rates of FFA oxidation at rest. An extended overnight fast with TRE augments the increases in FFAs and TGs, resulting in elevated fasting lipid profiles (25) . Whether such a lipid profile is beneficial for human health over the long term remains to be established. To date, the results from animal studies reveal that hepatic fat stores are reduced with TRE (42), but further investigations in humans are needed to understand the effect of TRE on whole-body and hepatic lipid metabolism.
In terms of sustainability, TRE seems to offer a practical advantage over stricter energy-restricted diet interventions, given there is no specific instruction around energy restriction or discretionary food choices. However, the types of foods we consume often are aligned closely to distinct times of the day; alcohol typically is consumed at the end of the day, as are sweet (refined sugar) foods such as ice cream (11) . A reduction in food intake later in the day may not only reduce total energy intake but also curtail discretionary food intake and improve overall dietary quality (37, (43) (44) (45) . However, it also is possible that placing time restrictions on eating could result in poorer food choices in some individuals.
Exercise Interventions
TRE extends the length of time in the fasted state ( Fig. 1) , inducing several responses that are similar to those observed after exercise training (Fig. 2) . However, when compared with dietary interventions, both the amplitude and extent of exercise training-induced responses/adaptations are likely to be greater in a head-to-head comparison (Fig. 2) . Evidence for such a premise comes from epidemiological data demonstrating that the association between low cardiometabolic fitness (i.e., maximum oxygen uptake) and all-cause mortality is stronger than that of obesity (i.e., high BMI) (46) . Exercise training delays the onset of at least 40 chronic metabolic conditions/diseases (see (47, 48) for reviews). However, getting people to comply with even the minimal recommended quantity and quality of exercise required to confer health benefits has proven difficult (10) .
Exercise training has a significant impact on body composition, reducing both subcutaneous and visceral fat (49) while preserving lean mass (23) . Aerobic-based exercise of sufficient duration/intensity promotes beneficial changes in whole-body metabolism and reduces fat mass (50), whereas resistance exercise preserves or increases lean (muscle) mass (51, 52) . Energyrestricted diets in isolation are effective short-term strategies for rapid weight loss but result in a reduction in both fat and muscle mass, predisposing one to an unfavorable body composition and poor health prognosis. Exercise typically results in only a modest increase in total daily energy expenditure but has minimal effects on long-term weight loss, depending on the volume/intensity of exercise performed (23) . As such, the performance of regular and appropriate exercise is the only mechanism to improve body composition (i.e., lose fat mass while maintaining lean mass). For an individual solely focused on changes in weight, the short-term reduction in body mass with TRE may initially exceed that from exercise, masking any long-term exercise-induced changes to body composition. Long-term studies of TRE that incorporate body composition measures are urgently needed to understand the effects induced by the longer duration of daily fasting.
Although TRE interventions have the potential to change habitual dietary practices, there may also be changes to physical activity patterns (53, 54) . The effect of increasing the amount of exercise on dietary intake, however, appears equivocal; increases in physical activity have either had no effect (55, 56) or resulted in an improvement (57) on dietary quality. In older adults with prediabetes, performing regular resistance-based exercise reduced self-reported intake of carbohydrate, sugar, sweets, and desserts, with little effect on protein intake (58) . Such changes to total energy and macronutrient intake may be related to changes in the regulation of appetite with exercise. Acute physical activity transiently represses appetite in both lean and obese individuals (59) via a suppression of ghrelin and increases in PYY and GLP-1 (60) . However, the effects of longer-term exercise training on the control of appetite are equivocal (61, 62) . Exercise training may balance appetite responses by an increased satiety response to a meal despite an increased drive to eat (63, 64) . Exercise training also reduces circulating leptin concentrations, reducing fat mass, and positively affects appetite and body composition (65, 66) . Therefore, exercise has the ability to reduce appetite and improve overall dietary intake. To date, there have been no interventions of TRE in combination with an exercise training program compared with TRE alone.
A single bout of exercise increases skeletal muscle glucose uptake (67) . However, this "insulin-sensitizing" effect is short-lived and dissipates after~48 h (68) . In contrast, repeated physical activity (i.e., exercise training) results in a persistent increase in insulin action in skeletal muscle from health individuals and people with insulin resistance and obesity (69) . Exercise training also improves glucose tolerance (70) . The precise volume of exercise required to induce a clinically meaningful change in glycemia is a contentious issue, but small in relation to the time spent awake. Dempsey et al. (12, 71) reported that less than 40 min of walking or body weight resistance exercises (12 Â 3-min bouts undertaken between 0900 and 1500 h) improved both waking and nocturnal glucose concentrations in individuals with T2D. Breaking up exercise bouts ("exercise snacking") into 3 Â 10-min bouts after meals improved daily glycemic control in individuals with T2D to a greater magnitude than a continuous 30-min walk (72) . In individuals with prediabetes, three "exercise snacks" (6 Â 1 min of highintensity activity before each meal) improved daily glycemia on both the day of exercise and over the subsequent 24 h (13) . As such, adequate physical activity no matter how it is accumulated across a day is effective in attenuating postprandial glucose and insulin concentrations (Fig. 1) .
Regular exercise increases postexercise rates of whole-body fat oxidation and improves metabolic flexibility (the ability to respond to changes in hormonal milieu and switch between fuel sources in response to the prevailing metabolic demand) (73)). Exercise also has a positive effect on circulating lipid profiles, with decreased fasting and postprandial FFA concentrations, increased uptake of FFA by the muscle, and lower uptake of FFA to the liver (74), contributing to improvement in nonalcoholic fatty liver disease (75) . A meta-analysis of aerobic-based exercise training programs performed for 12 wk or longer revealed reduced circulating TGs and higher high-density lipoprotein (HDL), low-density lipoprotein, and total cholesterol (76) . Reductions in cholesterol and circulating lipids have also been observed both in response to a single bout of resistancebased exercise (77) and after resistance training (78) , although the magnitude of reduction is typically less than that observed after aerobic exercise training. Even short bouts of physical activity accumulated for~40 min across a day improve the postprandial handling of lipids (79) . The optimal timing of exercise to maximize health benefits is currently unknown and likely to be confounded by a number of variables (health status of the individual, entrained waking time, circadian phenotype, mode and duration/intensity of exercise, and meal timing). Acute performance of aerobic-based exercise (i.e., continuous or high-intensity interval training) in the afternoon/evening improves glycemic control (72, 80) , likely due to the timing in relation to both circadian-related insulin resistance and the postprandial state (81) . Resistance exercise performed in the morning, afternoon, or evening improves force generation (i.e., muscle strength) (82, 83) . However, there is no clear consensus regarding the merits of performing either morning or evening exercise with regard to superior improvements in aerobic capacity (84) or resistance training/strength adaptations (85) . Although it has recently been proposed that time of day is a major modifier of exercise responses/adaptations and associated metabolic pathways (86) and that there is a daynight rhythm in mRNA expression of molecular clock genes in human skeletal muscle (87) , we urge caution with regard to recommendations on the "optimal time of day" to exercise for optimal health benefits: individual health status (i.e., known cardiovascular disease/hypertension), personal exercise goals, and feasibility should all be considered.
TRE and Exercise Training: Some Considerations
The discovery of muscle "cross-talk" with other organs, including adipose tissue, liver, pancreas, bone, and the brain, provides a framework for understanding how exercise mediates many of its beneficial whole-body effects (88) . Although several acute responses to TRE are similar to those attained after exercise training (Fig. 2) , exercise evokes widespread and extensive remodeling of almost every organ/tissue in the body (i.e., increased bone mineral density, improved cardiovascular dynamics and blood flow, increases in muscle oxidative capacity and capillarization, increases in muscle cross-sectional area, etc.). Indeed, it is the very complexity and multiplicity of networks involved in exercise responses that make it unlikely that such whole-body effects could be induced by TRE.
Whether adding exercise training to a TRE regimen or supplementing an exercise program with TRE confers any additional benefits above and beyond either intervention in isolation has not been systematically investigated. To date, only two TRE interventions in humans have included exercise as an adjunct to changes to dietary timing (19, 89) . Moro et al. (19) studied healthy males during 8 wk of resistance training who were assigned either to a group who undertook alternate days of late TRE (1300-2000 h) or to a group who were unrestricted in their eating (0800-2000 h) but matched for energy intake. Although both groups increased muscle mass after the intervention, only the TRE group decreased total body mass and fat mass, with small but concomitant positive improvements in several metabolic health markers (improved glucose, HDL, and TG profiles) (19) . Tinsley et al. (89) examined the effects of 8 wk of resistance training (3 d⋅wk −1 ) with or without late TRE. The TRE protocol consisted of consuming all meals within a 4-h period between 1600 h and midnight on nontraining days (4 d⋅wk −1 ), with no limitations on quantities or types of foods chosen. A "control" condition consisted of resistance training with no restrictions on energy intake on the nonworkout days. Late TRE resulted in a 10% reduction in energy intake compared with the control group but did not confer any additional improvements in body composition, and markers of metabolic health were not measured (89) . Post hoc tests revealed a small positive effect of the resistance training on the accretion of lean tissue mass in the control group only, which was likely due to the greater (1.4 vs 1.0 g⋅kg −1 body mass) protein intake in the control compared with the TRE group. Thus, the additive effects of TRE to exercise training may be dependent on the effects that TRE has on both total daily energy and protein intake, and the timing of protein ingestion relative to when the exercise is performed.
In other interventions of TRE, participants have been instructed "not to change physical activity levels" (20, 21, 34) or there has been no control of physical activity (11, 22) . There are no studies investigating the potential for an additive benefit of exercise training to a TRE dietary regimen compared with TRE alone. As dietary quality and quantity are not markedly improved when individuals undertake regular physical activity, complementing exercise training with TRE may help modify behavioral patterns of eating, (i.e., reduced end-of-day snacking/ alcohol consumption) and enhance overall health benefits. For individuals with medical conditions where physical activity cannot be performed, TRE offers a feasible strategy to improve or maintain metabolic health. However, we propose that for most "healthy" individuals, adding TRE to a program of regular physical activity would impart minimal additive effects on a range of health-related outcomes.
FUTURE PERSPECTIVES
Optimal cardiometabolic health for individuals at risk of chronic lifestyle-related diseases results from interventions in which dietary intake is reduced and/or quality is improved, and exercise of sufficient mode, duration, and intensity is performed (23, 90) . However, adherence to changes in habitual dietary patterns is often considered more arduous than medical therapy (91) , and the majority of individuals report "a lack of time" as the major reason for not undertaking regular exercise (92) . As such, the debate becomes "what priority should be given to modifying diet versus implementing exercise training for improving health outcomes?" As energy, via food, is required to sustain life, it is perhaps no surprise that dietary modifications are often the first in line of attack in the arsenal of lifestyle interventions to prevent/treat many metabolic diseases. Although there is an extensive menu of dietary options available to improve metabolic health outcomes, their success/failure, as with any exercise intervention, depends on long-term adherence (93) . We believe that exercise training undertaken in accordance with national and international guidelines imparts greater whole-body and tissue-specific metabolic health benefits than any current dietary intervention. Whether TRE in humans confers additive benefits to disordered metabolism above and beyond those induced by exercise training remains to be determined experimentally.
